Bioethanol is obtained from various raw biomasses and by means of optimized process technologies. It can be a substitute for gasoline, which implies greenhouse gas (GHG) emission reduction. The type of feedstock determines the classification of bioethanol: first generation (starch-based biomass or simple sugar-based feedstock) and second generation (lignocellulosic material as straw and wood). Second generation bioethanol production requires cellulosic biomass, which overcome the problems of first generation like food competition and low efficacy in GHG emission reduction. Sustainability evaluations of (first and second generation) bioethanol production have been proposed in the past by means of systemic indicators like emergy analysis and Life Cycle Assessment (LCA). A joint use of emergy and LCA of a possible implementation of a second generation bioethanol production chain is presented in this study. The emergy methodology has been used to test the physical consistency of the investment required to implement the production process, as well as the benefit of the biofuel-gasoline substitution. The effect of this substitution has been also evaluated by including the LCA of this production chain within the GHG balance of the Province of Siena.
Introduction
Bioethanol is the renewable substitute of gasoline. It can be obtained from various raw biomasses, by means of optimized process technologies. The type of feedstock determines the classification of bioethanol: first generation (1G -starch-based biomass or simple sugar-based feedstock) and second generation (2G-lignocellulosic material as straw and wood) [1] . First generation bioethanol has generated concerns about its effective capacity in reducing GHG emission and its competition with food production [2, 3] . The large availability of raw feedstock, small GHG emissions in the overall production process and no food competition stimulate a growing interest on second generation bioethanol production [4] . Compared to conventional fuels, lignocellulosic bioethanol production has high costs, even though in the last years a number of solutions have been proposed [5, 6] . The ideas of biorefinery and bio-based economy have been introduced to reduce costs of bioethanol production by virtue of the joint production of food, energy and chemicals and the integration of production processes [7] [8] [9] [10] . A biorefinery is defined as: "the sustainable processing of biomass into a spectrum of marketable products (food, feed, materials, and chemicals) and energy (fuels, power, heat)" [11] . The bio-based economy takes inspiration from the Industrial Symbiosis concept and forecasts the integration of industrial plants and agricultural ecosystems [8, 12] . This integration implies that the output of the agricultural production can be the input for other plant leading to environmental and economic benefits thanks to a more efficacious use of resources [13] . The European Union policy had the promotion of biofuels as one of its core policy mandates in the energy and climate change area. Following the EU objectives, in 2003 the European Commission started to emanate directives and official communication regarding the promotion of biofuels in the transport sector [14] [15] [16] [17] . To reach these objectives, each Nation should increase its biofuel production and decrease its CO2 emissions.
In this study, we hypothesize the implementation of a second generation bioethanol production chain within the Province of Siena (Tuscany, Italy), fed by local residues, namely biomass from agro-productions and heat from geothermal electricity production. Here we update the results of two previous experiments based on Emergy evaluation and Life Cycle Analysis of the same system, [18, 19] and investigate the contribution that derives from the joint use of these holistic methodologies. These methods have been used to account for the exploitation of natural resources and generation of potential impacts. The LCA is a useful tool for assessing the environmental performances and impacts of production processes [2, 20] . The emergy analysis is a thermodynamics-based metric that contributes to identify and measure all the inputs (energy and matter) to the system, expressed in a common unit, namely, the equivalent solar energy.
In this paper, the LCA is applied to measure the environmental effects of the substitution of bioethanol for the 10% of gasoline used in the Province of Siena; the emergy analysis is used to quantify the environmental investment necessary for operationalizing this substitution; moreover, the benefit of the avoided consumption of gasoline is evaluated in emergy terms. The joint lecture of these results can represent a first step of an environmental feasibility analysis of the bioethanol production process.
Materials and methods

Case study description
In the Province of Siena (Italy), 37% of the total area is devoted to agriculture and the main crop productions are wheat, oat and barley. Therefore, a great potential availability of crop residues can be used as feedstock for second generation bioethanol production. Moreover this territory has another peculiarity: geothermal heat that is used for electricity production, which supply about the 98% of the electricity consumed in the provincial area. Along the electricity production process a steam flow is generated that is usually re-injected into geothermal reservoir. In this case study we have hypothesized the joint use of these two residual flows (straw and steam) as input for the implementation of a second generation bioethanol production chain, taking inspiration by the Danish IBUS (Integrated Biomass Utilization System) [22] . We have hypothesized a biorefinery coupled with a geothermal-electricity production plant feed by residual straw. The bioethanol production plant must be located in the northwestern part of the Province of Siena, where the majority of geothermal wells are located. In compliance with the Italian law (D.Lgs 296/2010) for the sustainable use of biomass for energy generation, the straw should be collected in the nineteen municipalities located within 70 km from plant's location. A detailed description of the entire bioethanol production chain can be found in Patrizi et al. [18] . In 2011 about 43,000 tons of gasoline were consumed within the territory of the Province of Siena [23] . To substitute 10% of that gasoline, about 7,000 tons of bioethanol are required (using a Lower Heating Value for gasoline equal to 44 MJ/kg and 28.8 MJ/kg for bioethanol [24] ). The yield ethanol/straw obtained in the Danish plant is 223 kg ethanol per ton of straw [25] , therefore about 31,600 ton of straw are required to produce the forecasted tons of bioethanol. Data on straw production have been calculated from data on local crop extension [26] , local crop yields [27] and the species related ratio straw grains [28] . In the selected municipalities in the period 2006-2010 about 58,400 tons of straw from oat, barley and wheat have been produced (it approximately corresponds to the 55% of the total straw production of these 19 municipalities, and the 28% of the total straw production within the entire Province of Siena). That amount of straw does not affect the soil quality [29, 30] and may preserve the current use of straw for other purposes (mainly in the livestock sector).
Emergy analysis
Emergy is a thermodynamic metric that estimates the environmental cost of something in terms of the energy that drives (directly and indirectly) all the processes on the biosphere. Emergy of a product depends on the way which it is produced and is defined as the solar energy directly and indirectly necessary to make a service or a product [31] . By means of a conversion factor called Unit Emergy Value (UEV that is the emergy per unit energy) different types of energy flows, energy embodied in materials and services required to produce a product are converted in a common unit of solar equivalent Joules (semj). UEVs are expressed in semj/J and semj/g respectively. The total emergy of a system is given by the sum of all emergy inputs to the system, that is the energy (or mass) content of all inputs multiplied by their corresponding UEV. Figure 1 is the representation through the Energy System Language [31] of the hypothesized bioethanol production system. In Figure 1 circles represent inputs and arrows indicate the material and energy flows that converge to the production processes, namely cereal, geothermal electricity and biofuel.
The emergy investment needed for the bioethanol production has been also identified. It is defined as the quantity of inputs, expressed in emergy terms, that must be added to an existing systems or processes (in our case cereal and electricity production), in order to obtain further output(s) or optimize the use of resources [19] .The detailed inputs (as human work, water, etc.) indicated in Figure  1 , that directly feed the production of biofuel (from straw and heat collection to bioethanol production), have been inventoried, as reported in Table 1 , and translated into emergy by means of suitable UEVs.
Life Cycle Assessment
The Life Cycle Assessment (LCA) is an internationally recognized methodology for the evaluation of the environmental performances of a product along its entire production chain, from "cradle to grave" [32] . In this study the potential impacts derived from the hypothesized bioethanol production chain have been evaluated from the straw production to the bioethanol production. Therefore this LCA is from cradle to gate as it would be not possible to define how the bioethanol would be distributed across the Province of Siena. In this analysis only the contribution to climate change has been taken into consideration, because our main aim was to test the effect of the replacement of the 10% of gasoline with locally produced bioethanol in the GHG balance of the Province of Siena.
The functional unit (FU) of the study is 1 ton of bioethanol produced. The LCA software tool SimaPro 7.3.3 (www.pre.nl) has been used for the Life Cycle Inventory modeling and Life Cycle Impact Assessment. From the LCA perspective the bioethanol production chain has been divided into 4 steps.
Step 1 takes into accounts input flows required for the straw production and harvesting.
Step 2 concerns the transports required to carry the straw from each municipality to the biorefinery.
Step 3 accounts for all the input flows to processes that would take place inside the biorefinery.
Step 4 would represents the final distribution of bioethanol (it is worth to point out that this last step is outside the boundaries of the analysis and therefore potential impacts have not been evaluated). Data in Table 1 are referred to the total bioethanol production process (7,060 tons): they have been allocated to the functional unit and used as input for the LCA (Table 2) . Table 1 reports the calculation of the emergy investment for the bioethanol production system in the Province of Siena: production phases, the amount of resources used, their UEV and associated emergy flow are reported for each input. The sum of the emergy of the inputs gives the emergy investment for implementing the production process (last column), that is referred to the process output -i.e. the quantity of bioethanol needed to replace 10% of gasoline consumption in the Provincial area, that is 7,060 t. The investment per unit product (UEI -unit emergy investment) for the bioethanol production is calculated by dividing the total emergy investment by the quantity of product (expressed in gram) and reported in the last line of Table 1 . As reference point, the global baseline of 9.26 x 10 24 semj/yr has been considered [33] ; the reference year is 2011.
Results and discussion
The total emergy investment needed for the implementation of this integrated agro-industrial system can be compared with the emergy value of the energy saved by substituting bioethanol for the 10% of gasoline consumption in the Province of Siena. The avoided use of 4,300 t of gasoline corresponds to 1.27E+19 semj/yr in emergy terms. This is the benefit of the project, that doubles the total emergy investment (7,060 t of bioethanol correspond to 6.24E+18 semj/yr).
Since bioethanol utilization results in a reduction of gasoline consumption we can compare the UEI of bioethanol with the UEV of gasoline. Comparing the UEI of bioethanol produced in the hypothesized refinery and the UEV of gasoline, we can see that the former is 8.84E+08 semj/g, more than three times lower than the latter (2.95E+09 semj/g; [34] ). Emergy investment calculation and unit emergy investment for the hypothesized bioethanol production in the Province of Siena.
The total emergy investment is 6.24E+18 semj/yr: 2.72E+18 semj/yr for straw collection, 9.23E+16 semj/yr for transportation and 3.43E+18 semj for the industrial phase. The UEI for bioethanol is 8.84E+08 semj/g. The higher emergy investment derives from the industrial phase (55%) therefore the post agricultural phase requires a relatively low emergy (43%) and the transportation phase can be considered negligible as requires only the 2% of the whole evaluated emergy investment. In particular, 33% of the total environmental investment for the bioethanol production process is represented by diesel for the post agricultural phase and 47% by the electricity for the industrial phase.
The availability of residual resources has been evaluated as well as the benefit from the emergy and energy point of view. To complete the environmental feasibility an LCA of the whole production chain has been carried out. The main aim of this analysis has been the evaluation of the consequences in the GHG balance of the Province of Siena due to the substitution of 10% of gasoline with the "locally produced" bioethanol.
According to the LCA methodology, the input flows for the total production process (Table 1) have been inventoried and allocated to the UF of the analysis (1 ton of bioethanol) and reported in Table 2 .
By means of the specific LCA software the total amount of CO2eq per tons of bioethanol has been calculated. Figure 2 reports the amount of CO 2 eq due to the production of 1 ton of bioethanol.
4,246 tons of CO 2 eq are the emissions associated with the production of 7,060 tons of bioethanol; the total CO 2 eq released per ton of bioethanol is 601.51 kg. Inventory of input flows required for the production of 1 ton of bioethanol by means of the hypothesized system. The 88% of the amount of CO 2 eq released during the production process derives from straw production and collection. As reported in other LCA studies regarding biofuels [2] , the agricultural phase requires the use of machineries, fertilizers and pesticides, implying high CO 2 eq emissions. In the hypothesized system, this result is enhanced because we have assumed the use of residual geothermal heat as energy source that has zero GHG emissions [42] . Also the electricity used in the plant has been accounted with no GHG emissions as it is produced from geothermal power plant and it is already accounted in the GHG balance of the Province of Siena [21] . The transportation phase and the plant contribute for the 9% and 3% respectively to the total CO 2 eq emissions of bioethanol production (Figure 2 ). The substitution of bioethanol for gasoline results in an emission reduction of 13,259 tCO 2 eq, given by the avoided emission due to the replacement of gasoline (13,773 tCO 2 eq) minus the emission due to bioethanol production (514 tCO 2 eq). This result contributes to a decrease of 1% of the gross CO 2 eq emissions of the Province of Siena. It must be noticed that the GHG emission of the agricultural phase (straw production) has not been attributed to the biofuel production chain because it is already included in the GHG inventory of the Province (this is a consequence of the use of a residual resource).
In particular, the CO 2 eq related to the energy sector could decrease by 1.4%, due to the fact that the emissions of the transport sector decrease by 2.2%. Finally, in the overall balance (sequestration vs. emissions), the substitution of 10% of the gasoline could further decrease the percentage of net emissions that are already negative [21] .
Conclusions
In this paper we have hypothesized to implement a bioethanol production chain to substitute the 10% of gasoline consumed within the Province of Siena. The emergy evaluation and LCA of the project have been performed, giving encouraging results under the environmental viewpoint. The project implies the use of residues from local productions: geothermal heat as energy source and straw as feedstock for the bioethanol production. We can maintain that this proposal falls within the framework of Herman Daly's quasi sustainability principle [43] on the use of non-renewable resources. In particular, we propose the use of non-renewable resources (such as steel, concrete, fuels -and their corresponding amount of CO2eq) to increase the overall capacity of the system to capture and exploit a larger amount of renewable resources that are locally available [44] : in our case, straw and geothermal heat to produce bioethanol. In fact, the supposed straw utilization can represent an additional way to exploit residue from the crop production within the territory of the Province of Siena, without an increase in cropland or in areas intensively cultivated. This consideration is also valid for the residual geothermal heat that currently represents a valueless co-product of the electricity production process. The 2011 update differs from the calculations referred to 2008 [16, 17] . The main differences are due to the decreased amount of gasoline consumed in the Province of Siena in 2011 in respect to 2008 (-14%) that results in a lower amount of bioethanol required, lower CO2eq emissions and lower emergy investment (17%).
